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Content

B Recent results in ultra-high-energy Cosmic Rays
® Multimessenger picture
® Cosmic-Ray Energy Spectrum and Mass Composition
® Anisotropy
® Testing Hadronic Interaction Models

@ Ongoing upgrades and future ground-based experiments
® Radio technique for air showers
® AugerPrime — the Upgrade of the Pierre Auger Observatory
B Telescope Array TA x 4 and low-energy extensions
® GRAND
® IceCube-Gen2 and its Surface Array

Remark: this talk will focus on ground-based cosmic-ray detectors because dedicated talks follow on balloon-borne and space missions.
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All-particle Energy Spectrum by Air-Shower Arrays
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Multimessenger Astroparticle Physics
highest detected particle energies




Almost 10 PeV neutrino (at Glashow resonance of 6.3 PeV)
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Almost PeV gamma rays

B Diffuse ~ PeV photons meas
Tibet AS gamma experiment

ured by

® Only limits at higher energies
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- GZK proton (Kampert et al. 2011)
I GzKiron (Kampert et al. 2011)
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Cosmic-Ray Energy Spectrum and Mass Composition
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Depth of Shower Maximum, X_ ..

® Dominantly light composition (p + He) around ankle, trend towards heavier composition

® Auger and Telescope Array consistent within uncertainties (TA also consistent with constant composition)
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Interpretations of UHECR flux and open questions

B Cut-off due to maximum acceleration energy and/or due to propagation?
® Need to determine proton fraction at highest energies

® Ankle likely a mixture of propagation effects and transition between components
® Is this the transition from Galactic to extragalactic CR, or different extragalactic components?
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Auger Dipole — UHECR Anisotropy Exon t
_—G—IcéC‘lJJIl))e * '
® Dipole strengths increases with energy 7 \ ?

® Direction consistent with extragalactic origin

® Transition of dipole phase around 1 EeV:
hint for Galactic-to-extragalactic transition
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Auger: Correlations with Source Candidates

Populations '

Composition scenarios
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primary _ _
Air shower particle Cosmic-Ray Air Showers

- ® Muons, electrons and electromagnetic
emission detectable at ground

® Interpretation of muon component more
difficult than of electromagnetic one

® Maximum accuracy by combining shower
maximum (X,,,) with electron-muon ratio

. . . teIeSCOpe Radio detection of cosmic-ray air
I'adIO |Ight partICIe fOf' f|u0res_ showers and high-energy Neutrinos*

i F.G. Schroder, Prog. Part. Nucl. Phys. 93
antenna  detector detector cence light (017, 1. ankie: 160708781
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Problems in Hadronic Interaction Models

@ Accelerator Data not well described + Muon deficit in high-energy air showers
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Fluctuation of muon number measured by Auger

® Hadronic interaction models can describe variations in muon number, but not absolute number

Proton-proton equivalent CM energy /s / TeV =& EPOS-LHC ==E&QGSJetll-04 - BEESIBYLL-2.3d e data
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How to increase accuracy for CRs?

@ Accuracy of mass of primary particle
depends on interpretation of air-showers

observables measured by detectors

® unknown systematic uncertainty for interpretation
of muons (all models out of range)

® small systematic uncertainty for interpretation of
Xmax (@pprox. H to He difference)

virtuous circle of
cosmic-ray physics

2 n
g2
B Improvements of hadronic interaction 3 E
models critical for field of CR g5 ioher
| input from by air-shower experiments accuracy
® accelerator measurements (e.g, p-O at LHC ...) for primary
particle
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vx(vxB) (m)

Radio Detection

® Radio emitted by em.-component of shower
® Accurate energy and X, ., measurement
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Tunka Radio Extension (Tunka-Rex) in Siberia, 2012 — 2018

® Direct proof of radio X

sensitivity by comparison to Cherenkov-light detectors

Correlation with uncert.
1:1 correlation (x =y) ——

|

|

|
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Auger Engineering Radio Array (AERA)
at the Pierre Auger Observatory

water-Cherenkov detectors (SD) FD field of view ® 153 autonomous radio stations on 17 km?
AERA (RD) HEAT field of view : . .
AMIGA Unitary Cell (MD) W different antennas, electronics, triggers,...

® Coincident measurements with surface,
underground and fluorescence detectors

3000 km?

Auger Coll.
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Key for many science goals: Mass Separation power

® Radio can enhance mass Sensitivity CORSIKA simulations of air-shower particlés + radiolemissionl, 10%ev |
for all zenith angles, in particular for site.orPigme AugerObservatoty
Inclined showers 2.0}
® Radio + Muons have similar mass = =
separation power as X, 21 gl 5
- maximum accuracy for 2 | S S
air-shower measurements 510l =
by combining radio + muons! = o
g . _ decrease of FOM| C
Figure of Merit FOM as measure for electrons, 9
0.5 for thg se'pare?tion ofproton and - not forradio | T
. iron distributions with means pt —— muons + radio S
® Plots show potential of the methods S puons + electrons 5
(no detector properties considered; vertical FOM o v o Xmay (g, by radio) S
i i 0.0 ' ' 1 ' ' ' l
showers require a dense antenna spacing) 0 10 20 30 20 0 60 20 30
Pierre Auger Coll., EPJ WoC 216 (2019) 02002 zenith angle in deg
more details in E. Holt et al., EPJ C 79 (2019) 371
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AugerPrime:
Upgrade of the Pierre Auger Observatory

® Improved quality of surface detector:
® scintillators + radio antennas
® underground muon detectors
B Dbetter electronics

@ Enables per-event mass discrimination -

electromagnetic
component

radio emission

hadronic component
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Telescope Array: Upgrades

® Highest energies (E > 1098 eV)
® TAx4 - 3000 km? scintillator array
® new fluorescence telescopes

® Lower energies (E > 10> eV):

® TALE SD array complementing NICHE and FD
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. —
LHAASO — a 1 km2 multi-hybrid detector in China @ .
LHAASO M 777
Primary goal are gamma-rays, but also excellent cosmic-ray detector i w4 & s
CATCHING RAYS o~ .

China's new observatory will ~25 000 m —
intercept ultra-high-energy y-ray ’
particles and cosmic rays.

12 wide-field-of-view -~
air Cherenkov ¥

telescopes P | - 80,000-m? sur'fa_ce-
’ 5,195 scintillator | ~water Cherenkov' 1,171 underground
P detectors  detector water Cherenkov tanks

LHAASO Caoll.,
PoS (ICRC2019) 693
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- Giant Radio Array for Neutrino Detection

‘Cosmic ray

Extensive air shower

»
=

s
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GRANDproto300 78\

® Cosmic-Ray science in EeV
range with inclined air showers
® 300 antennas on 200 km?
electromagnetic

® Auger-like water-Cherenkov component
detectors for muons .

® future stages will be antennas only

74 ;&% PRI
g ﬁi ;*f’éi )%!4?

hadronic
component

muonic
component

4

% h@.M‘&m;.ﬁwdmw&%ngamu&

® Prototype for next stages of GRAND

® GRAND 10k will have comparable
exposure to Auger for cosmic rays

o s o T e ® GRAND 200k (if build) may complement
@'sﬁmﬂﬁ .ﬁxﬁmﬂ% Qe n® @ JWHD @2@@;}9@. aXae®  Poaw®  aPoee® aPuns® o . .
Y future space missions for UHECR

RS v,,\.;u R

17 April 2021 Ultra-high-energy Cosmic Rays fgs@udel.edu
APS Meeting, Session D21 frank.schroeder@kit.edu




GRAND and IceCube-Gen2 sensitivities for EeV neutrinos

6 Astrophysical Neutrinos Cosmogenic Neutrinos
10° ; ~ <
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lceCube-Gen2

® an order of magnitude larger optical and surface arrays

® sparse in-ice radio array for detection of Askaryan emission
from ultra-high-energy neutrions

v Gen2-Radio IceCube-Gen2 ® IceCube
T :" -:0.:'...::.?.".:.':.' .... e °* °* .. .'..::. s ® °® ..
5km 1 km | 250 m

IceCube-Gen2 planed construction: 2024-2032 completed in 2010
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lceCube-Gen2 Surface Array

® Enhancement of IceTop
surface array continued for
lceCube-Gen2 surface array

@ High accuracy for most
energetic Galactic cosmic
rays in the PeV to EeV region

2 .

scintillators\ii'
ﬁntanna _ _ B
i Baseline design of Gen2 Surface Array:
o """ one station per optical string (122)
N elevated fieldhub ) o ]
antenna 33l N\ & antenna ® 4 pairs of scintillators enabling low
51E
N i \( threshold for veto
5o ® 3radio antennas increasing
onlelors g somietor accuracy at high energi
(not to scale) =l 2 y g g Ies
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Conclusion: Ultra-high-energy Cosmic Rays

@ Recent results
® New features in cosmic-ray energy spectrum (many features known by now)
® Mixed mass composition of cosmic rays varies over energy
® Various experiments mostly consistent within systematic uncertainties

® Open questions
® What is the origin and maximum energy of the most energetic Galactic cosmic rays?
® What are the extragalactic sources at the highest energies?
® What causes the mismatch between muon measurements and predictions by models?

® Future plans: statistics and accuracy

® Upgrades of current ground arrays aim at per-event estimation of primary particle type
® Proposals for new ground arrays: GRAND and the Global Cosmic Ray Observatory (GCQOS)
B Future space experiments important to increase exposure at highest energies

17 April 2021 Ultra-high-energy Cosmic Rays fgs@udel.edu
APS Meeting, Session D21 frank.schroeder@kit.edu



Additional Slides
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Comparison of TA and Auger Energy Spectra
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Interpretations of UHECR flux

® Only significant difference between Auger and TA is flux at highest energies

® Auger measurements more precise (also more accurate?) and often used for interpretations
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Low-energy spectrum by Auger: Second Knee Is a smooth feature

B Gradual change of spectral slope may explain apparently inconsistent

measurements of second knee positions reported in the past.
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Large: Auger Engineering Radio Array

B 153 autonomous stations on 17 km?2
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Aperture of Auger Radio Upgrade

Contribution of zenith angle bins
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Predictions for combined muon and radio measurements

® Energy by radio antennas; muons by water-Cherenkov detectors
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Muon Measurements of AMIGA Engineering Array
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Tunka Radio Extension (Tunka-Rex) in Siberia, since 2012
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B at TAIGA facility in Siberia for Gamma
Astronomy and Cosmic Rays

® 63 antennas on 3 km?
® 3 antenna stations per cluster

® cluster spacing of 200 m

® Frequency range: 30 — 80 MHz

@ Trigger by
® air-Cherenkov detectors (Tunka-133)

W particle detectors (Tunka-Grande)

Tunka-Rex Coll.

fgs@udel.edu
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Simple standard method for reconstruction

® energy by amplitude (after asymmetry correction); distance to X, by slope of LDF
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Correlation of Radio and Cherenkov-light measurements
® Experimental proof that radio is sensitive to distance to shower maximum
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Comparing energy

scales of KASCADE

and Tunka-133 via
their radio arrays

® Relative comparison,
absolute accuracy of
both arrays is 20 %

® The energy scales of
both experiments
agree within 10%

Tunka-Rex + LOPES Colls.,
PLB 763 (2016) 179

41 17 April 2021
APS Meeting, Session D21

igdl/dE x E3%/m~2sr-1s~1eV?!

N N N N N
~ & X K 5
o N A~ » (00)

N
L
o0

N
w
O
o
o

¢ KASCADE-Grande
8 Tunka
| - . TT
esBgpgt % =
] e ® i i i % | =
; ® B .
® ]
1.2
L P __Fe .
G 1.0¢ I |
) g ! ! { !
35 0.8f amplitude ¢ simulation ~ energy - ®
- O 5 Spectrum
v wn 0.6
5 S
o~
© M 0.4} total uncertainty |4
Lo — - - - (calibration +
r'ts antenna pattern)
= 0.2 7% relative scale |1
S uncertainty of the
= radio calibration
16.0 16.5 17.0 17.5 18.0 18.5
g E/eV
Ultra-high-energy Cosmic Rays fgs@udel.edu
frank.schroeder@kit.edu



Cosmic-Ray Energy Spectrum and Mass Composition
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Global Spline Fit (Composition and Energy Spectrum)

Fit of spectra within experimental uncertainties, allowing for constant shift in energy scales
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All-particle Energy Spectrum by Air-Shower Arrays
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